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Abstract 
This study provides laboratory data of calcite dissolution rate as a function of seawater 
undersaturation state (1- ) under variable pressure. 13C-labeled calcite was dissolved in 
unlabeled seawater and the evolving 13C composition of the fluid was monitored over time to 
evaluate the dissolution rate. Results show that dissolution rates are enhanced by a factor of 2-4 
at 700 dbar compared to dissolution at the same   under ambient pressure (10 dbar). This 
dissolution rate enhancement under pressure applies over an   range of 0.65 to 1 between 10 
dbar and 700 dbar. Above 700 dbar (up to 2500 dbar), dissolution rates become independent of 
pressure. The observed enhancement is well beyond the uncertainty associated with the 
thermodynamic properties of calcite under pressure (partial molar volume ΔV), and thus should 
be interpreted as a kinetic pressure effect on calcite dissolution. Dissolution at ambient pressure 
and higher pressures yield non-linear dissolution kinetics, the pressure effect does not 
significantly change the reaction order n in Rate = k(1-  )n, which is shown to vary from 3.10.3 
to 3.80.5 from 10 dbar to 700 dbar over   = 0.65 to 0.9. Furthermore, two different dissolution 
mechanisms are indicated by a discontinuity in the rate-undersaturation relationship, and seen at 
both ambient and higher pressures. The discontinuity,          = 0.870.05 and 0.900.03 at 10 
dbar and 1050 dbar respectively, are similar within error. The reaction order, n, at  >0.9 is 
0.470.27 and 0.460.15 at 10 dbar and 700 dbar respectively. This           is considered to be 
the threshold between step retreat dissolution and defect-assisted dissolution. The kinetic 
enhancement of dissolution rate at higher pressures is related to a decrease in the interfacial 
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energy barrier at dissolution sites. The impact of pressure on the calcite dissolution kinetics 
implies that sinking particles would dissolve at shallower depth than previously thought. 
 
 
1. INTRODUCTION 
The investigation of calcium carbonate dissolution in the ocean is critical in constructing 
global carbon budgets and understanding the ocean’s role in neutralizing atmospheric CO2 by 
dissolving CaCO3. Most kinetics studies (Morse, 1978; Morse et al., 1979; Keir, 1980; Byrne et 
al., 1984; Walter and Morse, 1985; Hales and Emerson, 1997; Gehlen et al., 2005; Subhas et al., 
2015) of the dissolution behavior of calcium carbonates in seawater have expressed the 
dependence of dissolution rate on seawater saturation state through an empirical equation of the 
form: 
                 (1) 
where k is a rate constant, n is a positive constant known as the “order” of the reaction,   is 
the saturation state defined as the ion concentration product over the stoichiometric solubility 
product (    ): 
  
          
   
    
      (2) 
  varies either by changing the numerator – ion concentrations (water chemistry), or by 
changing the denominator –     . In deep oceanic waters, which are undersaturated with respect 
to calcite, salinity varies only slightly (34 to 36), the water masses are nearly isothermal (32C) 
and pressure is the most important influence on     . At 2C and a pressure corresponding to a 
depth of about 6500 m,      is about 3.7 times greater than at atmospheric pressure (Ingle, 1975). 
Another factor that decreases   in the deep ocean is that respiration of sinking organic matter 
releases CO2, decreases pH and [CO3
2-
], and thus  . The relative importance of these two factors 
(pressure and microbial respiration of organic matter) in modulating   was investigated in a 
North Pacific Ocean Section (Fig. 1).       is the actual   in the ocean.            is   
calculated by Ocean Data View if there is no effect of pressure on      (  affected only by DIC, 
alkalinity, salinity and temperature).           is   afftected by pressure, which is shown as the 
difference of       and            here. 
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Above 1000 m, Fig. 1a (     ) generally follows the trend of 1b (          ), meaning that 
water chemistry dominates changes in  .            varies between 6 at the ocean surface (not 
shown in the figure) and 1. Below 1000 m,      deviates from            due to the effect of 
pressure on   (         ). At 5000 m depth,   can be up to 1.2 units lower than predicted by  
           (Fig. 1c). The impact of           is greater in the South Pacific, somewhat less in 
the north, which reflects the North Pacific oxygen minimum zone’s strong influence on the 
saturation state. 
 
Oceanographers have assumed that carbonate dissolution under pressure follows the same 
dissolution rate law (same k and n for Eq. (2)) obtained at atmospheric pressure, with pressure 
only changing the stoichiometric solubility product (    ). In other words, a change in the 
denominator in Eq. (1) has the same effect as a change in the numerator in determining 
dissolution rates (Eq. (2)). This implies that dissolution will be kinetically the same regardless of 
pressure. Whether this assumption is true is the question we address in this study. 
 
The only study, as far as we know, that examined the effect of pressure on carbonate 
dissolution rates versus saturation state in seawater was that of Acker et al. (1987). Their 
shipboard experiments measured pteropod (aragonite) dissolution rates in natural seawater at 
various depths between 100 and 5000 meters, based on spectrophotometric examination of 
seawater pH using a pH-sensitive dye, phenol red. They concluded that aragonite dissolution in 
seawater at variable pressures was well described by the equation Rate=’ ([CO3
2-
]s-[CO3
2-
])
n
, 
where [CO3
2-
]s is the carbonate ion concentration at saturation, [CO3
2-
] is the observed carbonate 
ion concentration, and ’ and n are empirical constants; and that their measurements were 
consistent with the estimate ΔV=-36.5cm3/mole for the volume change accompanying the 
dissolution of aragonite. However, two factors limited the measurement precision and thus could 
change the interpretation of data in their study. First, dissolution rates determined from ΔpH may 
have a limited precision. The largest amount of dissolution in Acker et al. (1987) was only 
equivalent to a ΔpH~0.05; at   = 0.8~1, ΔpH was < 0.01. Even though the error on dissolution 
rates were not discussed in the paper, pH determination based on the spectrophotometric method 
has an error on the order of 0.002 (Robert-Baldo et al., 1985), which is greater than 20% of the 
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ΔpH at   = 0.8~1. This precision limit also arises in other seawater carbonate dissolution studies 
in which dissolution rates were estimated from ΔpH (e.g. Byrne et al., 1984; Gehlen et al., 2005), 
acid additions to keep pH constant (e.g. Walter and Morse, 1985), alkalinity change (e.g. Keir, 
1980), or CaCO3 dry weight loss (e.g. Peterson, 1966; Berger, 1967; Honjo and Erez, 1978; Keir, 
1980; Thunell et al.,1981; Fukuhara et al., 2008). Second, shipboard experiments performed at 
pressures which corresponded to the depths from which the seawater samples were obtained 
lacked control in other key variables. Specifically, dissolution experiments were conducted under 
different water chemistry (carbonate system parameters) and other factors that may affect 
dissolution (e.g. microbial activity, soluble reactive phosphate concentrations, carbonic 
anhydrase activity etc.). The problem of uncontrolled variables also exists in other in situ 
seawater dissolution studies (e.g. Peterson, 1966; Berger, 1967; Milliman, 1977; Honjo and Erez, 
1978; Thunell et al., 1981; Metzler et al., 1982; Fukuhara et al., 2008). The value of these earlier 
studies is unquestionable, yet we sought to conduct more controlled experiments to constrain the 
effect of pressure on calcite dissolution kinetics, focusing on   values closest to those most 
commonly encountered in the modern ocean (0.65-1). 
 
Our goal is to distinguish the pressure effect on carbonate dissolution kinetics from the effect 
of water chemistry. We performed dissolution experiments in acidified Dickson standard 
seawater using 
13
C labeled inorganic calcite following methodologies described in Subhas et al. 
(2015). This 
13
C labeled method, coupled with tight constraints on seawater saturation state 
(from measurements of dissolved inorganic carbon (DIC) and total alkalinity (TA)), provides 
much more sensitive determinations of dissolution rates compared to previously employed 
methods. Desired   values were obtained by changing experimental pressure and/or adding HCl 
to the same standard Dickson seawater, so that the effect of changing pressure versus changing 
alkalinity on dissolution rates could be distinguished and compared. Much of the work 
describing CaCO3 dissolution from a mechanistic perspective in this paper has built upon the 
foundational work of Subhas et al. (2017), and ongoing work by our group in which we 
investigate dissolution mechanisms as a function of temperature across a wide range of   values. 
 
2. METHODS 
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Synthetic inorganic Ca
13
CO3 (calcite) purchased from Sigma Aldrich (SKU 492027, 99 
atom%) was wet-sieved to a grain size of 70-100 m using 18.2 M Milli-Q water adjusted to a 
pH of ~8 using ammonium hydroxide. The powders were then dried at 60°C in oven overnight. 
The mineralogy was confirmed to be 100% calcite via XRD. Approximately 4 mg of 
13
C labeled 
calcite was placed in a Supel Inert Foil Gas Sampling Bag (SUPELCO 30226-U) with 300 mL of 
standard reference Dickson seawater 
(https://www.nodc.noaa.gov/ocads/oceans/Dickson_CRM/batches.html). The Dickson standard 
seawater used for the dissolution experiments has a phosphate concentration of 0.28~0.58 
 mol/kg. The 13C calcite was placed inside a polyester mesh (41 m mesh size) bag (Component 
Supply Co. /U-CMY-41-B)) to allow interaction of the solids with seawater while preventing 
them from leaving the system during sampling. The evolution of seawater 13C was traced over 
time (hours to days). 13C gain during the experiments varied from 5‰ to 50‰. 13C signals 
were converted into mass loss, and the dissolution rate was obtained based on the slope of moles 
dissolved over time. Slopes, intercepts, and the goodness of fits were obtained using the LINEST 
function in Microsoft Excel. Carbonate system parameters were determined by measurement of 
DIC and TA. 13C and DIC were determined using a Picarro Cavity Ring-Down Spectroscopy 
(G2131-i) coupled to a Liaison interface and a modified AutoMate autosampler. Alkalinity was 
determined by open-system Gran titration, performed on a custom-built instrument. All DIC and 
TA measurements were standardized with Dickson seawater. An in-house standard was also used 
to track long-term drift of the TA titration system. Characterization of materials and 
determination of carbonate system parameters were discussed in our previous paper in detail 
(Subhas et al., 2015).   was calculated from the CO2SYS program using the calcite partial molal 
volume (ΔV) reported by Ingle (1975), -37.6 cm3 mol-1 at the experimental T=21°C; K’1 K’2 
(apparent dissociation constants of carbonic acid in seawater) reported by Mehrbach et al. (1973) 
and refit by Dickson and Millero (1987);      reported by Uppstrom (1974). Replicate precision 
(standard error) for DIC and TA measurements were ±1.9 m/kg and ±1.0 mol/kg (1) 
respectively, which allow   to be defined to ± 0.02. 
 
Dissolution experiments were conducted in a custom-made pressure vessel (Fig. 2) capable of 
holding a sample bag at constant pressure while allowing for aliquots of the experimental 
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solution to be withdrawn. The pressure vessel was placed on a shaker table (VWR Standard 
Analog Shaker) and set to a rate of 60 rpm for all experiments. The pressure case was filled with 
hydraulic fluid (Lubriplate Hydraulic Jack Oil L0768-054, Lot: M0226) that was manually 
pumped into the pressure case around the sample bag or released from the pressure case until the 
system was at the desired pressure (upper limit was 5500 dbar). The sample bag was connected 
through a flex tubing (Altaflo PVDF Flex Tubing 14C8101, Lot: W5520-06) to a spring-loaded 
check valve that could “crack” at pre-set pressures, which allowed samples to be removed from 
the bag while pressure remained relatively constant. During sampling, a 20 mL syringe was 
connected to the check valve, and hydraulic fluid was slowly pumped into the pressure case to 
squeeze the aliquot out of the bag by increasing the pressure 20-50 dbar above the set value. 
Extrusion of seawater through the check valve reduced the system’s volume, allowing pressure 
to return to the set value. Prior to sampling, the tubing and valve assembly (volume < 5 mL) was 
flushed by extruding 20 mL of seawater. An 8 mL sample was then injected directly into an 
evacuated sample vial to avoid degassing. Samples collected from a pressurized bag are referred 
here as in situ, while samples collected directly from the sample bag outside the pressure case 
(before and after a run) are called ex situ. Ex situ samples were taken to quantify the effect of in 
situ sampling through the tubing and check valve as artifacts may arise due to: mixing in the 
tubing, potential contamination from the tubing and check valve, degassing through the tubing 
etc. Ex situ rates are preferentially used because of less potential contamination, while in situ rate 
errors are used only when no obvious contamination was observed (see discussion in 
Supplementary Materials). The agreement between these two methods (±5%) provides 
confidence that our system and derived rates are free of artifact. Total moles dissolved based on 
both in situ and ex situ samples for one experiment (P45) are shown in Fig. 3 as an example. 
Potential degassing during sampling would result in lower DIC values and biased 13C (isotope 
fractionation during degassing) for in situ samples. Good agreement betweem in situ and ex situ 
DIC and 13C values suggests no apparent degassing while sampling. Nevertheless, for the 
determination of   based on DIC and TA, values of ex situ samples are used to avoid the 
potential contamination mentioned above. 
 
Dissolution rates were normalized to geometric surface area (Subhas et al., 2015), which was 
calculated using the mean sieving size and assuming cubic geometry: 
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      (3) 
 
where   = 2.63 g/cm3 is the density of calcite and    is the mean grain diameter of the sieved 
fraction (70-100 m). 
 
Dissolution experiments were conducted by (i) varying pressure at fixed water chemistry 
(black asterisks in Fig. 4, Route 1); and (ii) varying water chemistry at fixed pressure (white 
circles in Fig. 4, Routes 2-6). For (ii), five sets of experiments at pressures of 10 dbar (ambient 
pressure), 350 dbar, 700 dbar, 1050 dbar, and 2500 dbar were conducted. 1 dbar is equivalent to 
1 m ocean depth. 
 
3. RESULTS 
3.1 Dissolution rates at changing pressures 
Dissolution rate measurements were made through a range of   values for which the change 
of   was achieved in one of two ways: by changing water chemistry (alkalinity) at atmospheric 
pressure (yellow squares in Fig. 5) and by changing pressure under which dissolution 
experiments occurred while keeping alkalinity and DIC constant (light grey circles in Fig. 5, 
experimental pressures are marked next to data points). In theory, both should yield similar 
results, but it is clear that the data are offset from one another. To get a sense of how 
thermodynamic uncertainty can affect the determination of  , the  ’s for the pressure 
experiments were recalculated using ΔV values that are more negative than the accepted value of 
-37.6 cm
3
mol
-1
. A change of ΔV from -37.6 cm3 mol-1 (light grey circles) to -57.6 cm3 mol-1 (dark 
grey diamonds) would make the changing pressure curve agree with the atmospheric pressure 
curve, but by using the conventional value of ΔV, for the same saturation state, the dissolution 
rate under pressure is approximately 2-4 times greater at typical oceanic   values of 0.8~1.0. 
 
3.2 Dissolution rates at constant pressures 
To further explore the impact of pressure on dissolution kinetics, five sets of experiments at 
different pressures were conducted (Fig. 6 and Table S4). For a given pressure, we adjusted the 
water chemistry so that a range of saturation states could be achieved. Dissolution rates increased 
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for the same   value as pressure increased from 10 dbar to 700 dbar. However, no obvious 
kinetic enhancement was seen when pressure was increased beyond 700 dbar up to 2500 dbar. 
Rate enhancement from 10 dbar to 350 dbar scaled similarly across a range of  from 0.9-0.65 
(by a factor of approximately 1.5). The increase in rate found from 350 dbar to 700 dbar was 
similar (also approximately a factor of 1.5), yet, the effect of pressure on dissolution kinetics is 
not constant with increased pressure. This discontinuity also suggests that the pressure effect on 
dissolution rate is not a systematic thermodynamic error but rather a kinetic effect. This pressure 
effect enhances dissolution rate up to a certain pressure (approximately 700 dbar), and then 
ceases exerting further impact above that pressure, at least up to 2500 dbar. 
 
3.3 Log-log correlation of dissolution rate vs. undersaturation  
The formulation of Eq. 1 lends itself to an examination of values of k and n by plotting 
dissolution rates versus undersaturation. We have shown, however, in work by Subhas et al. 
(2015); Subhas et al. (2017); and later in this manuscript, that the values of n and k do not 
provide a mechanistic framework by which we can examine dissolution kinetics. Nevertheless, 
we provide this analysis to allow comparison with previous studies (Keir et al.,1980; Subhas et 
al., 2015). 
 
The data for a given pressure (Fig. 7) are linearly correlated in log-log plot at lower   within 
a limited range (Zone II), but follow a different trend line closer to saturation (Zone I). The zones 
of different slopes are separated roughly at   = 0.90. Slopes of the fitting lines for 10, 350, 700, 
and 1050 dbar in Zone II (  from 0.90 to 0.50) are 3.60.2, 3.90.5, 3.10.3, 3.10.1 
respectively. The slope of the log-log transformation represents the value of the empirical 
reaction order, n (Eq. 1). The calculated n for pressures < 1050 dbar in Zone II indicates that the 
observed pressure enhancement of dissolution rate does not significantly nor systematically 
change the reaction order. 
 
Although dissolution kinetics are enhanced at higher pressures, there are many similarities in 
ambient and high-pressure dissolution phenomena. The change of slope (critical  ) was found 
between Zone I and II at both ambient and high pressure. The reaction order n (slopes) for 10 
dbar and 1050 dbar between  = 0.5 to       were 3.80.2, 3.10.1 respectively; slopes for   > 
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      were 0.470.27 and 0.460.15. The critical point for both pressure conditions was within 
the error of each other;       is 0.870.05 at 10 dbar; and 0.900.03 at 1050 dbar. We note that 
this       is a different critical undersaturation point for calcite dissolution in seawater from that 
reported by Subhas et al. (2017) ( =0.7) and other researchers (e.g. Berner and Morse, 1974, 
 =0.67). This study is the first study to get close enough to equilibrium, because of the high 
sensitivity of rate measurements using our 
13
C labeling technique, to see a       at 0.87~0.90. 
The implicit meaning of the two different       will be discussed in section 4.2. 
 
4. DISCUSSION 
4.1 Thermodynamic uncertainty and Partial Molal Volume 
According to our results, a significant difference in dissolution rate vs. undersaturation exists 
between varying water chemistry and varying pressure (Fig. 5). This discrepancy can either be 
due to uncertainty in values of undersaturation, or real differences in rate at fixed saturation state. 
If the former is true, the degree of undersaturation under pressure may have an error related to 
the uncertainty in the Partial Molal Volume, ΔV, of the dissolution reaction. If the latter is true, 
our results can be interpreted as a real pressure effect on dissolution rate, above and beyond its 
effect on thermodynamics. 
 
The effect of pressure on thermodynamic constants can be determined in two ways (Millero, 
1995): (1) using direct measurements of the constants (Culberson and Pytkowicz, 1968) and (2) 
using partial molal volume and compressibility data (Millero, 1979, 1983). The two methods 
have been shown to be in good agreement (Millero, 1979). The effect of pressure on the 
dissociation constants of acids (Ki) can be made from (Millero, 1979) equations of the form: 
 
   
  
 
  
     
   
  
       
   
  
       (4) 
 
where P is the applied pressure in bars, and ΔVi and Δi are the molal volume and 
compressibility change for the association or dissociation reactions. The values of ΔVi and Δi 
for the ionization of acids have been fit to equations of the form for seawater of S=35: 
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ΔVi=a0+a1t+a2t
2
;      (5) 
Δi=b0+b1t+b2t
2
.      (6) 
 
where t is temperature in °C. The coefficients in Eq. (5) and (6) for the dissociation of H2CO3, 
HCO3
-
, CaCO3 (calcite), CaCO3 (aragonite) are given in Table 1 (Culberson and Pytkowicz, 
1968; Ingle, 1975). 
 
The effect of pressure on the solubility of calcite (    ) was measured and reviewed in Ingle 
(1975) (Table 2). At 25°C, reported ΔVcalc. varied by about 20% (-39.4 to -31.8 cm
3 
mol
-1
, ΔVcalc. 
obtained as pressure was increased from 1 to 1000 atm). Due to the small discrepancies in ΔVcalc. 
values reported by different researchers, these ΔVcalc. expressions and values have been widely 
used since 1970s. CO2SYS (v1.1, 2011), the program we used to calculate carbonate system 
variables, adopts parameters from Ingle (1975) and Millero (1979), and determines calcite ΔVi 
with the equation: 
 
ΔVi =-48.76+0.5304t      (7) 
 
which yielded -35.5 cm
3 
mol
-1 
at 25°C, and -37.6 cm
3 
mol
-1 
at 21°C. 
 
If the difference between ambient and higher pressure experimental dissolution rates is due to 
an inaccurate ΔVcalc. value, then an adjustment of ΔVcalc. at 21°C from -37.6 cm
3 
mol
-1 
to -57.6 
cm
3 
mol
-1 
is necessary to make the two results agree (Fig. 5).  The uncertainty (±20%) in partial 
molar volume based on previous research does not support the almost factor of two change in 
ΔVcalc. necessary to align our ambient and high-pressure data sets. 
 
This change in calcite ΔVcalc. is also approximately equivalent to a change of ΔV(H2CO3) 
(pressure effect on K1) at 21°C from -22.8 cm
3 
mol
-1
 to -59.3 cm
3 
mol
-1
; or a change of 
ΔV(HCO3
-
) (pressure effect on K2) at 21°C from -16.3 cm
3 
mol
-1
 to 12.0 cm
3 
mol
-1
, both of 
which seem unreasonable. Therefore, we believe that dissolution under higher pressure is a true 
kinetic effect. Previous work by Subhas et al. (2015) yield similar ambient pressure data as we 
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obtained, hence we believe the low-pressure work is reproducible and the difference we see 
between different pressures is real. 
 
4.2 Different dissolution mechanisms and critical degree of undersaturation 
Dissolution and crystal growth are usually considered complementary processes, and are thus 
linked in terms of mechanisms. The earliest mechanistic studies on mineral dissolution can be 
traced back to the well-established BCF theory (Burton et al., 1951; Cabrera et al., 1954; Cabrera 
and Levine, 1956). According to the BCF theory, a critical free energy value is required to open 
etch pits at line defects such as screw dislocations. Only if this critical value is reached can pre-
existing hollow cores (Frank, 1951) open up into etch pits. Lasaga and Lüttge (2001, 2003) 
further introduced the stepwave model, explaining that the pit walls are the source for steps that 
emanate from the outskirts of the pits and travel across the crystal surface. In contrast, at near-
equilibrium conditions, the difference in free energy is insufficient for hollow cores to open into 
pits; the critical source for stepwaves is therefore missing. Near equilibrium, the dissolution 
mechanism is driven primarily by point defects and dissolution on pre-existing edges and corners, 
and advances as step edge retreats, a much slower process than the stepwave mechanism 
(Arvidson and Lüttge, 2010).  
 
Dissolution experiments of various minerals have shown discontinuities in the function of 
dissolution rate versus the distance from equilibrium. These minerals include carbonates (Berner 
and Morse, 1974; Pokrovsky and Schott, 1999; Pokrovsky and Schott, 2001; Teng, 2004; 
Pokrovsky et al., 2009; Lüttge and Arvidson, 2010; Xu et al., 2012; Subhas et al., 2017), silicates 
(Knauss and Wolery, 1986; Nagy et al., 1991; Burch et al., 1993; Gautier et al., 1994; Ganor et 
al., 1995; Oelkers et al., 1994; Devidal et al., 1997; Oelkers and Schott, 1999; Taylor et al., 2000; 
Dove et al., 2005; Hellmann and Tisserand, 2006; Arvidson and Lüttge, 2010), and others (Nagy 
and Lasaga, 1992; Pokrovsky and Schott, 2004). For calcite dissolution in seawater, Berner and 
Morse (1974) related the “near-equilibrium criticality” to the abundance of phosphate ion 
absorbed to the mineral surface. They hypothesized that these adsorbed ions prevent dissolution 
steps from propagating. Once below a certain threshold saturation state (ΔpH=0.10,  =0.67 for 
calcite in seawater), monomolecular steps on the crystal surface can penetrate between adsorbed 
inhibiting phosphate ions. The presence of the chemical lysocline in the oceans was believed to 
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be due to this mechanism. Direct observations of crystal surfaces with Vertical Scanning 
Inferometry and Atomic Force Microscopy have linked observed rate discontinuities with the 
activation of different crystal surface features (Teng, 2004; Beig and Lüttge, 2006; Lüttge, 2006; 
Xu et al., 2010; Xu et al., 2012; Schott et al., 2012). Based on AFM observations, Teng (2004) 
reported a       = 0.54 for calcite step-edge propagation (opening up of etch pits) in freshwater, 
whereas Xu et al. (2012) observed the first appearance of etch pits at   = 0.904. This       was 
correlated with an abrupt change in velocity of obtuse steps instead of acute steps (Xu et al., 
2010,    0.8). Subhas et al. (2017) reported a      = 0.70~0.75 in seawater, between defect-
assisted dissolution mechanism and the homogeneous spreading of etch pits, by plotting lab 
dissolution rate of calcite in seawater within the mechanistic framework proposed by Dove et al. 
(2005), as briefly described below. 
 
Our work confirms a discontinuity of dissolution behavior much closer to equilibrium, as 
defined by the change of slope in log(rate) vs. log(undersaturation) plots (Fig. 7). Linear fits 
change slope at log(1- ) > -0.9, which is equivalent to       of around 0.9. As noted previously, 
the influence of pressure does not change the value of      . Below, we investigate the 
significance of dissolution rates under ambient and higher pressures by organizing the data, 
rather than by n and k, but within the mechanistic framework proposed by Dove et al. (2005). By 
reorganizing equations in Dove et al. (2005) to describe dissolution, for homogenous or defect-
assisted dissolution we find: 
 
   
      
     
 
    
 
 
           
      
 
   
     
       
 
 
 
  
(8) 
where Rate is the normalized dissolution velocity (m/s),            , h is the step height 
(nm),   is the step kinetic coefficient (cm/s),    is the equilibrium concentration of dissolved 
species in solution (molecules/m
3
),  is the molecular volume (cm
3
),    is the density of pit 
nucleation sites, a is lattice spacing (m),   is the interfacial free energy (mJ/m2),    is the 
Boltzman Constant, T is absolute temperature (K). As given by this formulation, the dissolution 
rate should be a linear function of  
 
 
  and the slope should be negative. 
  
 13 
 
For the step retreat mechanism, which occurs closer to equilibrium, the dissolution rate 
function is not linear with  
 
 
 : 
 
   
      
     
 
    
 
 
     
      
 
          
 
  
 
 
 
 
 
          
  
    
  
 
 
   
(9) 
 
Therefore, by plotting lab-derived dissolution rate data in this framework and interrogating its 
trends, we can demonstrate a shift from the step-retreat dissolution mechanism near equilibrium 
to the defect-assisted mechanism farther from equilibrium for calcite dissolution in seawater (Fig. 
8). In Zone II ( 
 
 
 <9),    
      
     
 
    
 
 
  decreases as  
 
 
  increases, and the relationship is linear, as 
predicted by Eq. (8). In Zone I ( 
 
 
 >9), data points fall off the linear trends with negative slopes 
and    
      
     
 
    
 
 
  increases slightly with increasing  
 
 
 , as predicted by Eq. (9). A closer 
examination of the Zone II data reveals that there may be two different negative slopes 
representing homogenous and defect-assisted dissolution respectively, but our data are not dense 
enough, especially far from equilibrium (low  
 
 
 ) to see this conclusively. Closer to equilibrium, 
the transition between defect-assisted and step-retreat dissolution mechanisms (boundary of Zone 
II and I) occurs at  
 
 
  = 8~9, which is equivalent to  = 0.88~0.89, consistent with       
determined in log-log plots (Fig. 7). Although, the       does not appear to be sensitive to 
pressure, the slopes at different pressures in Zone II (Fig. 8) indicate a change of the local 
interfacial energy barrier,   (Fig. 9a and Table 3). The energy barrier   decreases as pressure 
increases, but this decrease appears to level off at ~700 dbar. The intercept of the Zone II slope 
in Fig. 8 provides information about two other parameters in Eq. 8. Increasing pressure does not 
seem to significantly change the intercept (Fig. 9b), which means that the density of nucleation 
sites (  ) and/or the velocity of step retreat ( ) are similar. 
 
  
 14 
These results suggest that increased pressure may lower the interfacial energy barrier at the 
calcite-seawater interface, resulting in enhanced dissolution kinetics. This effect may result from 
pressure-dependent speciation changes in seawater surrounding the mineral surface, and/or 
changes in bonding energy between ions in seawater and the mineral surface. The changes in 
speciation and/or bonding energy take place as pressure increases from ambient pressure to 700 
dbar, but become complete at ~700 dbar. Conversely, the number of nucleation sites for 
dissolution and/or the velocity of step retreat do not appear to change with pressure. How exactly 
pressure affects the surface energy of calcite is still an open question, yet a deeper understanding 
of calcite dissolution kinetics will require delving into this particular phenomenon. 
 
Combined with the results from Subhas et al. (2017), we report distinct and robust mechanism 
transitions for calcite dissolution in seawater from step-retreat to defect-assisted dissolution, and 
further to an etch pit spreading mechanism. The two       values were shown to be ~0.9 for the 
former transition, and ~0.75 for the latter transition. Our 
13
C labeling method has allowed us high 
enough sensitivity at slow dissolution rates to determine the       between the step retreat 
mechanism and the defect-assisted mechanism, and both mechanisms are in evidence at ambient 
pressure and as pressure increases. 
 
4.3 Effect of pressure on shallow water column carbonate dissolution  
Although estimates of carbonate production in the surface, open ocean vary (0.4-2 Gt/yr) (e.g. 
Milliman, 1993; Milliman, 1999; Balch and Kilpatrick, 1996; Balch et al., 2007; Dunne et al., 
2007; Dunne et al., 2012 etc.), it has been recognized that carbonate production in the ocean well 
exceeds the amount of carbonate burial (Sarmiento and Gruber, 2006; Berelson et al., 2007). 
Battaglia et al. (2015) reported median global CaCO3 export to be 0.82 Gt PIC/yr (within the 
lower half of previously published estimates (0.4-1.8 Gt PIC/yr), where PIC is Particulate 
Inorganic Carbon); and that only 29% reaches the seafloor. These studies of global carbonate 
flux have set up a problem in global geochemistry which has yet to be resolved—how much 
carbonate is dissolving in the open ocean water column and what factors control the dissolution 
rate. 
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Water column shallow-depth CaCO3 dissolution (SDCCD) has been recognized by several 
independent studies (e.g. Anderson and Sarmiento, 1994; Lohmann, 1995; Milliman and Droxler, 
1996; Milliman et al., 1999; Chen et al., 2002; Schiebel, 2002; Gangstø et al., 2008), and could 
account for some of the discrepancy between carbonate production and sediment-trap flux 
estimates mentioned above. Conventional wisdom is that calcium carbonate shells are dissolved 
when they reach the saturation horizon of aragonite or calcite during sinking, which provides the 
alkalinity that can be supplied back to the surface ocean via upwelling/diapycnal mixing. 
However, researchers have shown significant dissolution above the “saturation horizons” (Feely 
et al., 2002; Gangstø et al., 2008). The impact of the SDCCD finding is that it implies a shorter 
time scale for the cycling of calcium carbonate within the ocean. This would have implications 
for feedbacks between climate, atmospheric CO2, and the marine carbon cycle. 
 
Possible mechanisms responsible for SDCCD were proposed to include (1) dissolution of 
CaCO3 particles in the guts of zooplankton (Takahashi, 1975; Bishop et al., 1980, 1986; Van der 
Wal et al., 1995; White et al., 2016), even though others provide some skepticism regarding this 
mechanism (Harris, 1994; Pond et al., 1995); (2) dissolution of CaCO3 particles in 
microenvironments where bacterial oxidation of organic matter can enhance the dissolution 
process (Jansen et al., 2002); (3) dissolution of the more soluble forms of CaCO3 in shallow 
waters, including aragonite and high-Mg calcites (Byrne et al., 1984; Morse and Mackenzie, 
1990); (4) the source of excess alkalinity for subsurface waters in the open ocean is from the 
decomposition of organic matter occurring in shelf sediments (Chen, 2002; Burt et al., 2016), or 
transport/mixing subsequent to dissolution (Friis et al., 2006, 2007), and hence there is not 
evidence of SDCCD. 
 
Whereas the pressure effect on inorganic calcite dissolution described in this paper is beyond 
doubt, the direct application of the rate law to illustrate carbonate dissolution patterns in the 
ocean remains to be tested. Sinking calcite particles are “ballasted” within fecal pellets, “snow” 
and other aggregates (Honjo, 1980, 1995; Honjo et al., 1982; Armstrong et al., 2001; Klaas and 
Archer, 2002), which will complicate the process of dissolution while sinking by (1) enhancing 
settling velocity by orders of magnitude (Armstrong et al., 2009), (2) lowering PIC reactivity by 
providing physical protection (Armstrong et al., 2001), (3) providing locally acidic environments 
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through bacterial oxidation of organic matter (Jansen et al., 2002), etc. Rates of carbonate 
dissolution at the seafloor, on the other hand, are further complicated by boundary layer 
processes between sediments and the overlying seawater (Boudreau, 1982, 2001, 2013; Sulpis et 
al., 2017). Nevertheless, the revised dissolution rate formulation as a function of pressure should 
be taken into consideration in future marine carbon cycle studies. It will also be interesting to 
investigate the effect of pressure on other minerals, including the more soluble forms of CaCO3 
(e.g. aragonite and high-Mg calcite). We believe that previous water column dissolution rate 
measurements of CaCO3 (calcite and possibly other carbonate minerals) were underestimated, 
and this pressure effect can account, at least partially, for the observed ocean production-burial 
discrepancy. 
 
5. CONCLUSIONS 
We have presented experiments demonstrating elevated dissolution rates of calcite in seawater 
under high pressure compared to equivalent undersaturation states under ambient pressure. This 
enhancement was observed over an   range of 0.65 to 1. The discrepancy of dissolution behavior 
under different pressures is greater than the uncertainty of   based on uncertainties in V, and is 
therefore attributed to a pressure effect on the dissolution rate itself. This kinetic pressure 
enhancement effect takes place relatively evenly between ambient pressure to 700 dbar, but 
ceases at pressures above 700 dbar (pressures higher than 700 dbar yield dissolution rates similar 
to rates at 700 dbar, at least up to 2500 dbar). The calcite dissolution rates in seawater at 700 
dbar is 2-4 times faster than at ambient pressure. Dissolution rates at different pressures share the 
same reaction order n in Rate=k(1- )n. Furthermore, a discontinuity in the functional 
relationship between dissolution rate and undersaturation indicates a change of the rate-
controlling dissolution mechanism at values of          . We interpret this           to be the 
threshold between a step-retreat dissolution mechanism and a defect-assisted mechanism. 
          at 10 dbar and 1050 dbar are similar, 0.870.05 and 0.900.03 respectively. The reaction 
order n above           is ~0.5, and ~3.4 below          . By transforming dissolution rate vs. 
saturation state into an equation (Eq. 8) that includes mechanistic information, we find that the 
effect of pressure is to lower the surface energy barrier to dissolution. The enhanced pressure-
related dissolution of carbonate minerals may explain excess alkalinity distributions in the ocean 
as this would effectively decrease the depth at which rapid dissolution occurs. 
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Fig.1 Separation of effect of water chemistry and pressure on          in a Pacific section by 
Ocean Data View simulation. (a)      : actual  . (b)           :   calculated by Ocean Data 
View if there is no effect of pressure on      ( 
 
   after Mucci, 1983), namely   affected only 
by water chemistry (DIC, alkalinity, salinity, temperature). (c)   : difference between (b) and 
(a),   affected by pressure; up to 1.2   units at 5000 m depth. (d) Defined section (red box) on 
map.  
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Fig. 2 Pressure Case Diagram 
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Fig. 3 Moles of labeled carbonate dissolved based on 13C measurement from P45 (1050 dbar). 
Yellow squares are ex situ samples (three before experiment, three after experiment); grey circles 
are in situ samples; trend line is fit to all data points. Replicate value uncertainties are less than 
the size of the data points. Note that only 4 10-7 mol calcite was dissolved over 4 days (0.001% 
of total calcite powder). 
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Fig. 4   contour plot as a function of pressure and alkalinity. Six sets of experiments were 
conducted. Black asterisks were dissolution experiments conducted with the same fill bag 
seawater,   changed by changing pressure (Route 1). White circles were dissolution experiments 
conducted under five different constant pressures (Route 2 – 10 dbar; Route 3 – 350 dbar; Route 
4 – 700 dbar; Route 5 – 1050 dbar; Route 6 – 2500 dbar). Note that this diagram is only a rough 
demonstration of   and experimental parameters, because DIC in this plot has to be set to a fixed 
value (2030 mol/kg) while actual DIC for different experiments (different batches of Dickson 
seawater) vary from 2000 mol/kg to 2040 mol/kg.  
  
 34 
 
Fig. 5 Dissolution rate vs. undersaturation. Yellow squares: changing water chemistry at 
atmospheric pressure and 21°C (Route 2 in Fig. 4). Light grey circles: changing pressure with the 
same fill-bag seawater at 21°C (Route 1 in Fig. 4), ΔV=-37.6 cm3 mol-1 at 21°C (Ingle, 1975). 
Dark grey diamonds: changing pressure with the same fill-bag seawater,   recalculated with 
ΔV=-57.6 cm3 mol-1 at 21°C (error bars not shown). Pressures at which dissolution experiments 
were conducted (light grey circles) were 350 dbar, 700 dbar, 830 dbar, 1070 dbar, 1100 dbar, 
1380 dbar (marked on the plot). Uncertainties in   represent standard deviation of replicates in 
DIC and alkalinity measurements; uncertainties in dissolution rate represent goodness of fits in 
Fig. 3. 
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Fig. 6 Dissolution rates versus undersaturation at 5 different pressures (Routes 2-6 in Fig.4). 
Dashed lines are fits to data points of 10 dbar, 350 dbar, 700 dbar, 1050 dbar. Fits to 700 dbar 
and 1050 dbar overlap such that these data are fitted to the same curve.  
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Fig. 7 (a) Log-log plot of geometry-normalized dissolution rate versus undersaturation state at 
10, 350, 700, 1050 dbar. Dashed lines are fits to data points in Zone II. For reference, log(1- ) 
from -1.5 to -0.3 is equivalent to   = 0.97 to 0.50. (b) Log-log plot of dissolution rate versus 
undersaturation state. White squares are 10 dbar data from this study; grey diamonds are 10 dbar 
data from Subhas et al. (2015) using the calcite sample from the same batch, and the same 
experimental set-ups; black triangles are 1050 dbar from this study. At near-equilibrium 
conditions, where dissolution rates are very low (Zone I), error bars in log scale plot are large. 
Irrespective, dissolution rates are clearly off the trend lines in Zone II. Linear regression fits are 
given. 
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Fig. 8 Dissolution velocity (m/s) versus       where            (framework proposed by Dove 
et al. (2005)). Higher       value means closer to saturation (  = 1). Dissolution velocity are off 
the linear trend lines in Zone I and start to increase as       increases, indicating a change from 
step retreat dissolution mechanism (Zone I) to defect-assisted dissolution mechanism (Zone II). 
Different slopes of different pressure trend lines in Zone II indicate different local interfacial 
energy barrier   under different pressures (Table 3). (a) Dissolution velocity (m/s) versus       
for 10, 350, 700, 1050, 2500 dbar. (b) Dissolution velocity (m/s) versus       for 10 dbar 
(including data from Subhas et al. (2015)) and 1050 dbar only, to show a clearer difference of 
slopes in Zone II and a clearer change of mechanism at around      =9, equivalent to   = 0.89. 
The trend lines in Zone 1 are schematic fits to the data.  
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Fig. 9 (a) Surface energy barrier   (calculated from slopes in Fig. 8) versus different pressure. 
The trend line is a schematic to emphasize the apparent change in slope in   vs. pressure. (b) 
Change in the intercepts (proportional to kinetic parameters   and/or   ) versus different 
pressure for defect-assisted dissolution (Zone II); 
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Table Caption 
Table 1 Coefficients for the effect of pressure on the dissociation constants of acids in seawater. 
Acid -a0 a1 a2 -b0 b1 
H2CO3 25.50 0.1271 0 3.08 0.0877 
HCO3
-
 15.82 -0.0219 0 -1.13 -0.1475 
CaCO3 (calc.) 48.76 0.5304 0 11.76 0.3692 
CaCO3 (arag.) 35 0.5304 0 11.76 0.3692 
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Table 2 Apparent partial molal volume changes for calcite dissolution 
Substance T (°C) ΔV (cm3 mol-1) Author 
Calcite 25 -34.4 Ingle (1975) 
Iceland spar 25 -35.5 Ingle (1975) 
Calcite 25 -39.4 Millero and Berner (1969) 
Calcite 20 -43.4 Duedall (1972) 
Foraminifera 22 -30.7 Pytkowicz and Fowler (1967) 
Foraminifera 25 -31.8 Pytkowicz and Fowler (1967) 
Calcite 2 -42.3 Ingle (1975) 
Calcite 2 -43.8 Sayles (1980) 
Oolite 2 -31.8 Ingle (1975) 
Oolite 2 -33.1 Hawley and Pytkowicz (1969) 
 
* ΔV values in white boxes are under 20-25°C, temperature comparable to this study (21°C). ΔV 
values in grey boxes are under 2°C for reference. 
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Table 3 Fits to Fig. 8 & 9 and calculated local interfacial energy barrier   (mJ/m2) under 
different pressure 
 
Pressure 
(dbar) 
Defect-Assisted Dissolution 
Note Intercept 
                
 
   
Slope 
 
     
       
 
Energy Barrier 
   (mJ m-2) 
10 -21.50.2 -0.670.05 241  
10 -21.70.3 -0.690.07 241 * 
350 -21.80.4 -0.480.07 201  
700 -20.90.4 -0.540.09 221  
1050 -21.50.2 -0.420.03 191  
2500 -21.50.1 -0.390.02 181  
 
* Including data from Subhas et al. (2015) (revised). 
